Abstract
Introduction
ROS/RNS also induce p62 expression through the Keap1-NRF2 pathway, licensing the autophagy as an alternative repair mechanism for survival [18, 19] . In this sense, p62-mediated 7 selective autophagy, which is activated upon DNA damage caused by various stresses such as 8 conventional chemotherapeutic agents, allows these cancer cells to escape DNA damage-induced 9 cell death [20, 21] .
10
ROS/RNS overproduction, deregulation of host DDR machinery, and chronic inflammation, are In this study, we aimed to investigate the potential role of p62-mediated selective autophagy in 21 regulating DDR in EBV latent infection. Our results show that p62 is transcriptionally induced by 22 the ROS-Keap1-NRF2 pathway, and that a well-balanced basal level of p62-mediated selective 23 autophagy is essential for maintaining genomic stability in EBV latency. 36]. These results imply that the p62-autophagy interplay may be involved in oxidative stress in 10 EBV latent infection.
11
We thus sought to evaluate the correlation between intracellular ROS, and p62 and autophagy (Fig 1, A) . Correspondingly, the cell lines with higher ROS production remarkably 16 express higher p62 at both protein and mRNA levels (Fig 1, B and C) . Furthermore, the basal 17 levels of p62-mediated selective autophagy activity, as indicated by both the cleaved LC3b product (Fig 1, B) . Phosphorylation of p62(Ser403) promotes p62-Ub 21 binding for activation of p62-selective autophagy [37] . These results indicate that a basal level of 22 p62-mediated selective autophagy is constitutively induced and correlates with the endogenous 23 ROS level in viral latency.
7
The antioxidant transcription factor NRF2 is spontaneously degraded by the ubiquitin (Ub) E3 1 ligase complex Keap1/Cul3/RBX1 under normoxia. ROS/oxidative stress triggers autophagic 2 degradation of Keap1, resulting in the accumulation and activation of NRF2, which then induces 3 p62 expression [38] . Thus, we evaluated the Keap1-NRF2 pathway activities, indicated by Keap1 4 and NRF2 expression levels, in these cell lines. As indicated in Fig 1, B , the endogenous p62 5 levels positively correlate with the Keap-NRF2 pathway activities, strongly suggesting that the 6 Keap1-NRF2 pathway induces p62 expression at least in part in viral latency. Together, these results indicate that p62-mediated selective autophagy is constitutively induced 8 in oncovirus latency, and correlates with the endogenous ROS-Keap1-NRF2 pathway activity.
10
The ROS-Keap1-NRF2 pathway contributes to p62 expression and activation of p62-11 mediated autophagy in viral latency 12 We next aimed to verify the induction of p62 by the ROS-Keap1-NRF2 pathway in viral latency. (Fig 2, A) . These results are 19 consistent with the notion that considerable levels of ROS are required for induction of p62 and 20 mediated autophagy, but excess ROS and selective autophagy result in autophagic degradation of 21 p62 and LC3b in that both are targets of p62-mediated selective autophagy [35, 36] .
22
We then used 3-amino-1,2,4-triazole (3-AT) to inhibit the endogenous activities of catalase, an 23 enzyme converting H2O2 to H2O+O2, in cell lines with lower ROS levels to elevate their 24 8 endogenous ROS levels. Then, we evaluated the Keap1-NRF2 pathway activity, and p62, 1 autophagy, and DNA damage levels. Results show that 3-AT treatment substantially elevates 2 endogenous levels of the Keap1-NRF2 pathway activities and p62 expression at both protein and 3 mRNA levels, and also induces p62(S403) phosphorylation, autophagy and the DNA damage 4 hallmark γH2AX that are readily detectable (Fig 2, B) . Accumulation of LC3-II does not necessarily 5 reflect an increased autophagic activity; instead it may represent its decreased clearance due to 6 the blockage of autophagic degradation. Thus, we further measured autophagy flux, as indicated by MFI, by flow cytometry (Fig 2, C) . In contrast, quenching endogenous ROS with the ROS 8 scavenger N-acetylcysteine amide (NACA) in indicated cell lines substantially dampens p62 levels 9 and autophagy activities due to blockage of their endogenous Keap1-NRF2 pathway activities, as 10 well as attenuates endogenous DNA damage (Fig 2, D) . Furthermore, confocal microscopy and Since we have previously shown that mild ionomycin treatments induce p62 expression and 22 profound autophagy in lymphoblastic cell lines (LCLs), but stringent treatments promote p62 23 degradation due to induction of massive autophagy [34], we used ionomycin treatment here to 24 study the p62-autohagy interplay in regulating DDR in LCLs, which serve as a system crucial for 1 genetic and functional study of carcinogen sensitivity and DNA repair [40] .
2
We first used the lysosome-specific inhibitor bafilomycin A1 (BafA1), which inhibits lysosomal 3 activity that occurs after LC3 processing, to inhibit autophagy activity induced by ionomycin in 4 LCLs. Results show that both p62 and LC3b, which are both selectively degraded by p62-mediated 5 autophagy [35, 36] , are accumulated in ionomycin-treated cells due to impaired autophagy 6 activities. As a consequence, the levels of γH2AX are remarkably augmented (Fig 3, A and B) . To 7 minimize the interference of potential "off-target" effects of BafA1, we performed this experiment 8 using another lysosome-specific inhibitor chloroquine, and obtained similar results (Fig 3, C) .
9
These results indicate that the autophagy-p62 interplay plays a role in DDR in EBV latency.
10
We further show that ionomycin triggers profound ROS production and DNA damage in LCLs in 11 a time-dependent manner (Fig 3, D and E) , and the ROS scavenger NACA offsets the effects of 12 ionomycin (Fig 3, E) . Thus, these results indicate that ROS are responsible for ionomycin-induced 13 autophagy and DNA damage in EBV latency.
15
Autophagy inhibition promotes cell death 16 To confirm the requirement of ROS for induction of autophagy and DNA damage in EBV latency, 17 we further used H2O2 to treat IB4 cells. Results show that H2O2 treatment induces profound DNA 18 damage and reduces the endogenous p62 protein level in a dose-dependent manner, and 19 blockage of autophagy activity with BafA1 potentiates the DNA damage that correlates with 20 elevated p62 protein levels (Fig 4, A) .
21
Furthermore, autophagy inhibition by BafA1 promotes cell death (as indicated by 7-AAD 22 expression and Annexin-V binding, or caspase-3 activity) induced by H2O2 (Fig 4, B and C) or 23 ionomycin (Fig 3, B) , respectively. higher endogenous p62 and autophagy levels (Fig 1, B) , have lower CHK1 and RAD51 protein 11 levels, compared to SavI, P3HR1, CEM, and BJAB, respectively (Fig 5, A) . These results suggest 12 that the p62-autophagy interplay may also regulate proteasome-dependent stability of CHK1 and 13 RAD51 proteins in viral latency. It has also been reported that p62 promotes NHEJ by activating 14 the Keap1-NRF2 pathway in a feedback loop, which consequently induces expression of NHEJ-15 specific repair proteins such as 53BP1 [42] . However, our results show that 53BP1 reversely 16 correlates with p62 at the protein level in viral latency (Fig 5, A) , indicating that NHEJ-mediated 17 DNA repair activity is also compromised in virus-transformed cells. In addition, endogenous DNA 18 damage is consistently lower in viral latency with higher p62-mediated autophagy levels, in which 19 both HR and NHEJ pathways are deficient (Fig 5, A) , supporting our hypothesis that p62-mediated 20 autophagy enables these cells to resist to DNA damage.
To validate whether proteasome also mediates degradation of CHK1 and RAD51 in virus-22 transformed cells, we used the proteasome inhibitor MG132 to treat these cells that express high 23 levels of endogenous p62. Then, CHK1 and RAD51 were analyzed by immunoblotting. As 24 expected, our results show that MG132 treatment remarkably increases the protein levels of CHK1 1 and RAD51 (Fig 5, B) , confirming that CHK1 and RAD51 protein stability is controlled in a 2 proteasome-dependent manner in virus-transformed cells.
3
In addition to its ability to inhibit proteasomal activity, MG132 is capable of inducing autophagy 4 in various cancer cells [43] . Our results show that MG132 also increases the LC3b cleavage 5 product LC3b-II in virus-transformed cells, and dramatically reduces p62 protein levels (Fig 5, B) . Together, these results indicate that excess induction of autophagy in viral latency resulting in 7 elevation of CHK1 and RAD51 protein levels is associated with p62 degradation. However, the 8 accumulation of CHK1 and RAD51 and decrease of p62 after MG132 treatment did not mitigate 9 DNA damage; instead, DNA damage is strikingly increased (Fig 5, B) . This observation can be 10 explained by the fact that proteasome function is required for DNA damage repair [44].
11
We then inhibited endogenous autophagy activities in virus-transformed cells with BafA1.
12
Results show that autophagy inhibition did not affect 53BP1, but clearly decreases CHK1 and 13 RAD51 protein levels that are associated with elevated endogenous p62 protein levels (Fig 5, C did not affect the protein levels of CHK1, RAD51 and 53BP1 (Fig 5, D) . By checking autophagy, (Fig 2, B) , in p62-depleted cells did not elevate the DNA repair protein levels, but 8 consistently results in slight decreases of CHK1, in addition to inducing DNA damage (Fig 5, E) .
9
Additional inhibition of the residual autophagy activities in p62-depleted cells slightly decreases 10 CHK1 and RAD51 levels (Fig 5, G) . These results further indicate that p62 is required for 11 destabilization of DNA repair proteins in response to autophagy inhibition.
12
Taken together, these results demonstrate that p62 accumulation in response to autophagy It has been shown that p62 inhibits both HR and NHEJ independently of the autophagy machinery 23 [16], through its physical interaction with RNF168, which mediates histone ubiquitination that is 24 prelude to activation of both HR and NHEJ DSB repair mechanisms [17] . with BafA1 (Fig 6, E) , and the increased histone H3 ubiquitination due to p62 depletion in cells 8 treated with ionomycin (Fig 6, F) . Our IP assays failed to detect definite p62-RNF168 interaction 9 and H3 ubiquitination in these cells without treatments (not shown). In conclusion, these results
10
indicate that p62 depletion promotes chromatin ubiquitination and RNF168-mediated DNA repair 11 mechanisms. (Fig 7, F) , in B cell population of AIDS patients, compared to HS.
24
Both EBV and HIV, as well as other co-morbidities, have the potential to manipulate DDR and 1 produce ROS in AIDS patients; unfortunately, we could not rule out the separate contribution of 2 EBV to their deregulation in the setting. However, these preliminary ex vivo observations are of 3 importance in that they provide biological relevance to our findings from mechanistic studies using 4 cell line in vitro system. (Fig 8) .
17
The p62-autophagy interplay is well balanced and controlled in diverse contexts, with cancer (Fig 1, A) . Thus, cells with type III latency express higher endogenous levels of 6 p62-mediated autophagy (Fig 1, B) , which are required to overcome the higher risk of DNA 7 damage in response to endogenous higher oxidative stress and replication stress to support their 8 more aggressive proliferation, and higher growth and survival demands. As such, a higher level of 9 p62-mediated autophagy also confers these cells greater resistance to DNA damage in response 10 to drug treatments. The type III latency cell line P3HR1, which was derived from the parental 11 JiJoye but lacks LMP1 expression, resembles type I latency cell lines in ROS production, 12 expression of p62 and autophagy (Fig 1) , and DNA repair proteins (Fig 5) , further supporting that 13 LMP1 contributes the majority to these events.
14 Surprisingly, our results show that, in contrast to p62 elimination by massive autophagy, p62 15 depletion by shRNA potentiates DNA damage (Fig 5, D) . There are a few possibilities to explain 16 this paradox. First, p62 depletion impairs p62-mediated selective autophagy that is resident in the 17 cytoplasm (Fig 2, E) and required for maintaining the ability of the cell to resist to DNA damage 18 (Fig 5, E and F) ; second, other p62-mediated, autophagy-independent, DNA damage-protecting 19 functions are impaired after shRNA-mediated p62 depletion and consequently DNA damage is 20 accelerated, given the fact that p62 is a multifunctional protein [3] . Investigation of these potential 21 p62-mediated but autophagy-independent functions in viral latency and oncogenesis is underway.
22
In fact, p62 depletion resulting in worsen DNA damage is coincident with its role as a tumor 23 promoter, which is induced by Ras that accounts for at least 25% of human cancers [55] . p62 24 overexpression in hepatocellular carcinoma (HCC) predicts poor prognosis [56] . 
10
Regarding the mechanisms underneath deregulation of DDR by the p62-autophagy interplay, 11 our results indicate that autophagy inhibition promotes proteasomal degradation of RAD51 and 12 CHK1 in a p62-depdendent manner (Fig 5) , and that p62 depletion promotes RNF168-mediated 13 DDR (Fig 6) . Our results show that the majority of endogenous p62 is tethered to autophagosomes 14 in the cytoplasm (Fig 2, E is reversely correlated with 53BP1 in viral latency (Fig 5, A) , and that p62 accumulation by 1 autophagy inhibition, transient expression of p62, or p62 depletion by shRNA failed to regulate 2 53BP1 levels (Fig 5) . Thus, p62 does not regulate 53BP1 in our system, and how 53BP1 is 3 downregulated in virus-transformed cells is worthy of further examination (Fig 5, A) . Rather, p62 4 interacts with RNF168 in response to autophagy inhibition, and consequently inhibits RNF168-5 mediated chromatin ubiquitination in viral latency (Fig 6) . In this regard, our findings are consistent 6 with a recent study [16] , which has shown that p62 can impede both HR and NHEJ through its 7 interaction with RNF168, given that RNF168-mediated histone ubiquitination is prerequisite for 8 activation of all DSB repair mechanisms [17] .
9
Viruses have evolved diverse strategies to hijack host traditional DDR machinery during their 10 chronic infections to perturb genomic integrity, including their ability to deregulate the p62- from local AIDS subjects on ART with undetectable viremia for at least 1 year and a reasonable 1 CD4 count (>200 cells/mm 3 ). All subjects were anonymized. Subjects co-infected with HBV, HCV 2 or HTLV1 were excluded. Blood from healthy subjects (Physicians Plasma Alliance, Gray, TN) 3 serve as controls. The mean age of the two populations was comparable (p>0.05). The study 4 protocol was approved by the joint institutional review board (IRB) at ETSU/VA (IRB, #01-105s).
5
Written informed consent was obtained from all participants. 
RNA Extraction and Real-time Quantitative PCR

12
Total RNA was isolated from tested cells using an RNeasy Mini kit according to the manufacturer's 13 protocols (Qiagen). The eluted RNA was subjected to reverse transcriptase reactions, which were 14 performed with the use of GoScript RT kit following the manufacturer's instructions (Promega). 
Statistical Analysis
21
Unpaired, two-tailed student t tests were executed using GraphPad Prism (version 6) to 22 determine the differences between two data sets obtained from three independent experiments. 
